To clarify stress-induced immunological reactions and molecular events during exercise and the potential relevance to exercise-induced bronchoconstriction, transcriptional responses to standardized physical stress were determined. Six healthy, young volunteers underwent an endurance exercise of 90% of their individual anaerobic threshold for 90 min. Time-dependent alterations in the expression pattern of leukocytes from healthy, trained subjects were analyzed by DNA microarrays before and 2 h and 6 h after exercise. Starting out from a large collection of cDNA library clones comprising more than 70,000 human expressed sequence tags, we selected, designed, and immobilized oligonucleotide probes (60-70mers) for transcripts of 5000 stressand inflammation-relevant genes. Exercise-induced stress provoked changes in the expression of 433 gene activities 2 h and/or 6 h after exercise, which could be grouped into six clusters. The most prominent feature was an enhanced transcription of two genes, coding for 5-lipoxygenase (ALOX5) and ALOX5-activating protein. Moreover, enhanced levels of leukotriene B 4 (LTB 4 ) and LTC 4 (P<0.05) were detected in plasma after exercise. Our data demonstrate that exercise alters the activities of a distinct number of genes. In particular, they possibly provide novel insights into the molecular mechanisms of exercise-induced bronchoconstriction and suggest that enhanced transcription of ALOX5 and its activating protein together with a present predisposition of the subject critically contribute to exercise-induced asthma. trenuous physical stress results in an acute-phase response, increasing the levels of various immunologically active agents (1, 2) . Several studies could demonstrate changes in the status of inflammatory and anti-inflammatory parameters after exercise, e.g., cytokine plasma concentrations such as interleukin (IL)-6, IL-1 receptor antagonist (IL-1ra), and IL-10 (2, 3). Despite the fact that the distribution of the proteins has often been tested in these studies, little is known about the regulation of the gene expression of immunologically active substances after stress. Although physical stress implicates lesser changes in the immunological pattern than pathological events such as sepsis, an exercise model may be useful for the discrimination of pathological patterns. For exercise to be a model for inflammatory responses, however, it will be necessary to focus on subjects being able and willing to hardly exercise, as only significant effects on the immune system will foster further research (1, 4).
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Exercise provokes a number of acute, physiological changes. At the molecular level, these alterations can now be addressed using novel multiparameter approaches, such as microarray analysis, allowing an investigation of mRNA expression by monitoring several hundred to several thousand genes simultaneously (5) . This technique has been used in the present study to investigate immunological regulation following a standardized stress test-here, physical exercise. As a result of the fact that the type of exercise as well as the intensity and duration influence the dimension of the exercise-induced, acute-phase response, the exercise used in this study was controlled by individual anaerobic threshold (IAT) for standardization (2, (6) (7) (8) . Accordingly, subjects underwent a treadmill exercise with 90% of their IAT for 90 min. It was shown in various other studies that this type of exercise model is useful for the investigations of immunological changes after physical stress (9) . A standardized stress test combined with comprehensive testing of transcriptional events provide an opportunity to develop novel hypotheses and reveal molecular relationships between stress and clinical symptoms such as exercise-induced asthma (EIA) and between stress and other immunological reactions, respectively.
The current cross-disciplinary study presents, for the first time, a broad overview of the transcriptional changes in leukocytes derived from whole blood after a standardized physical test of healthy individuals, as analyzed by long oligonucleotide arrays. Distinct sets of gene activities were shown to be altered in a time-dependent manner, thus shedding light on the complex pattern of immunological responses to stress.
MATERIALS AND METHODS

Subjects
The study group included six moderately trained male subjects with a mean age of 29.7 ± 6.5 years, height 177 ± 5 cm, weight 72.8 ± 8.7 kg, and a relative heart volume of 11.3 ± 1 ml/kg (mean±SD).
A basic physical examination of the subjects, electrocardiograph (ECG) and blood pressure measurements at rest, as well as a routine laboratory status did not reveal any pathological changes. Additionally, stress ECG on a cycle exercise (step test, start 50 Watts, every 3 min an increase of 50 Watts until volitional exhaustion) did not show any pathological symptoms. The mean maximal power of the group was determined to be 314 ± 83 Watts and the maximal oxygen consumption, 54.3 ± 6.3 ml/kg/min. The oxygen uptake was measured at 0.5 min intervals using an open spirometric system (Oxycon β, Jaeger, Hoechberg, Germany).
Subjects did not use any medication 6 weeks prior to the study until its completion. Written, informed consent was obtained from each subject prior to the start of the study, which was approved by the local ethics committee.
Exercise tests
Maximal exercise test
One week before the test program, all subjects performed an incremental graded exercise on a treadmill ergometer (step test, start 2 m/s, every 3 min an increase of 0.5 m/s Watt until volitional exhaustion) to measure the IAT. Therefore, capillary blood samples were obtained from the previously hyperemized ear lobe at rest, at the end of each level of exercise, and at the end of the 1st, 3rd, 5th, and 10th min of the recovery period. Lactate concentrations were measured using the EBIO Plus (Eppendorf, Hamburg, Germany). The IAT was determined according to Stegmann and colleagues (7) .
Exercise program
The test program included a standardized exercise with 90% of the IAT for 90 min. Every subject could finish the exercise test. The data are also shown (see Table 1A ). All the exercise tests were performed between 8 AM and 12 noon.
Analytical methods
Blood sampling and laboratory methods
All subjects underwent a fasting period of at least 10 h and had a small, standardized breakfast on the day of exercise. Blood samples were taken by a clean venipuncture (20-gauge needle) from an antecubital vein under controlled venous stasis (<30 s) of 40 torr after a 30-min rest (Sample A), immediately after (Sample B), and 2 h (Sample C), 6 h (Sample D), and 24 h (Sample E) after exercise. All venipunctures were done in a reclined position, and multiple aliquots of plasma were snap-frozen and stored at -80°C until analysis. In addition, PaxGene™ tubes (Qiagen GmbH, Hilden, Germany) were used for whole blood sampling A, C, and D, where 25 ml was withdrawn, and corresponding, total RNAs were isolated from the above samples using an accompanying PaxGene RNA isolation kit, according to the manufacturer's instructions. RNA Samples C and D were each hybridized against Sample A. The determination of IL-6, C-reactive protein (CRP), leukotriene B 4 /C 4 (LTB 4 /LTC 4 ) concentrations, blood cell count, and hematocrit (Hct) was performed by commercially available enzyme-linked immunosorbent assay test kits or Coulter A c T-diff™ (Beckman Coulter GmbH, Krefeld, Germany). All samples from the same athlete were measured in the same assay in duplicate.
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Microarray technique
Microarray hybridization
The experiments were performed using SIRS-Lab GmbH (Jena, Germany) in-house research microarrays, comprising probes for 4541 human genes (each made as double replicates) relevant to inflammation, immune response, and related processes, as well as a full set of reliable controls (cf., Supplementary Notes: "Microarray experiment descriptions", online, according to Minimal Information about a Microarray Experiment guidelines, Microarray Gene Expression Data Society).
RNA samples (see Blood sampling and laboratory methods, above) were subject to microarray analysis according to the following procedure: AlexaFluor 647-labeled cDNA obtained from 16.5-25 µg total RNA isolated at 2 h and 6 h after exercise (Samples C and D, respectively) was cohybridized with AlexaFluor 555-labeled cDNA obtained from the same amount of total RNA isolated from blood drawn before the exercise stress (Sample A). Hybridization was performed for 14 h at 42°C in formamide-based hybridization buffer using a hybridization station (HS 400, Tecan Group Ltd., Switzerland). This was followed by array washing, drying, and immediate fluorescence scanning on an Axon 4000B scanner (Axon Instruments, Foster City, CA, USA).
Microarray data preprocessing
Hybridization signal intensities were measured using a GenePix TM 4000B scanner. Data preprocessing included spot detection and background subtraction; spot flagging, according to defined signal-to-noise threshold values; normalization and transformation of the signals obtained from different channels; and averaging of replicates. For the former two steps, the GenePix Analysis software was used; for the third step, we applied the approach from Huber et al. (10) , including the variance-stabilized transformation.
Real-time polymerase chain reaction (PCR)
Validation of relative gene expression (A vs. C or D) by real-time PCR
cDNA synthesis
First-strand complementary synthesis was performed using 1 µg isolated RNA from a selected set of patients. RNA was mixed with 250 ng 18 oligo-dTV primer, denatured at 70°C for 10 min, and chilled on ice for 5 min. Reverse transcription (RT) was performed in a final volume of 30 µl containing 10 mM dithiothreitol, 0.5 mM each deoxy-unspecified nucleoside 5′-triphosphate, 2 units RNasin (Fermentas, St. Leon-Rot, Germany), and 200 units SuperScript II (Invitrogen, Karlsruhe, Germany) in 1× RT buffer (Invitrogen) at 42°C for 1 h. The enzyme was then inactivated by incubation at 65°C for 10 min.
Primers
Gene-specific primers [5-lipoxygenase-activating protein (ALOX5AP), S100A11, IL17B], representative of different groups obtained via microarray analysis, were designed using Primer 3 (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) to obtain an annealing temperature of 51°C and an amplicon length between 100 and 150 base pairs. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-specific primers were also designed for normalization purposes, as transcriptional level of cognate mRNA was shown not to vary in all RNA samples studied within the experimental design.
PCR amplification
Real-time PCR was performed using a Rotor-gene 3000 from Corbett Research (Biotage, Hamburg, Germany) in 10 μl reaction volumes consisting of 1.6 μl cDNA (fourfold-diluted RT reaction); 0.4 μM each, forward and reverse primer, and 5 μl 2× SYBR Green mix (Qiagen GmbH). An initial step of 94°C for 15 min was necessary for the enzyme activation (Qiagen GmbH) followed by 45 cycles of 94°C for 30 s, 51°C for 15 s, and 72°C for 45 s. Fluorescence acquisitions in the SYBR Green and ROX (internal reference dye) channels were performed at the end of the extension step. The melting protocol ranged from 50°C to 95°C, following a stepwise increment of 1°C, held for 30 s. Each sample as well as a negative template control were performed in quadruplate for each of the primer pairs assayed.
PCR analysis
Using the Rotor-gene 3000 software, Version 6, relative sample amounts were obtained. For each athlete, Sample A was assigned the arbitrary value of 1; values for Samples C and D were calculated relative to that of Sample A. Resultant values were then normalized to their GAPDH equivalent.
Statistical evaluation
The evaluation of gene expression data was performed as follows: A set of 2546 uninformative genes was excluded from the analysis (i.e., genes with less than five biological replicates of sufficient spot quality/intensity per time-point or genes with a low variance of transformed ratios across samples; ref. 11). For the remaining 1995 genes, a vector of p-values was obtained, comparing, gene by gene, the expression change after physical stress by the two-dimensional, one-sample pc-test (12) . In addition, a q-value was estimated to each p-value (13) , thus controlling the false discovery rate occurring in multiple comparisons. Using the corresponding approach, a portion of ca. 45% (897 from 1995) differentially expressed genes was estimated (see Fig. 1 ). A set of 433 genes with a q-value of less than 0.12 (corresponding to a p-value less than 0.05) was considered as being significantly changed after physical stress.
Using formal cluster analysis, typical patterns in the variation of gene expression after physical stress were revealed, and groups of coexpressed genes were identified. Therefore, the k-means algorithm (11) was applied to the mean courses of the gene expression. The analysis was repeated for two to 15 clusters, each run with 100 different starting values. For each number of clusters, the solution with the minimal cost function was considered. The resulting number of six clusters was chosen, corresponding to the local maximum in the course of the second derivation of the cost function. The resulting patterns are presented (see Fig. 2 ). As demonstrated by cluster centroides (see Fig. 2 , right panel), every group of genes is characterized by its time-point(s) of the maximal expression change. To present the typical group members, genes with highest significant expression change at the maximum-related time-point(s) were selected (therefore, a paired t-test was performed). Representatives of each group are summarized in the final lists (see Table 2 ).
The distribution of IL-6, CRP, LTB 4, LTC 4 , blood cell count, and Hct was analyzed after the stress test for significant differences (p-value <0.05) using the Wilcoxon test.
RESULTS
Our data confirm that stress results in adequate and statistically relevant changes (P<0.05) in the inflammatory homeostasis, e.g., altered IL-6 and CRP protein levels. Changes of physiological parameters as a result of exercise-induced stress are given in Table 1A ; alterations in the inflammatory parameters after exercise are summarized in Table 1B . Only the granulocytes together with the whole leukocytes were enhanced 2 h after exercise at the time-point of the genetic analysis, and this is demonstrated in Table 1C . Given the stimulation of the transcription of the ALOX5AP and of the ALOX5 (both in Table 2 , Group 3), we determined the concentration of two products of the metabolic pathway, LTB 4 and LTC 4 , to check whether modulation of transcription is translated into altered enzymatic activity. We found a clear increase (nearly threefold) in LTB 4 and LTC 4 , which was statistically (P<0.05) significant (Table  1B) and could not be attributed to a 10% alteration of hemo-concentration after exercise.
Statistically relevant changes in gene transcription after the stress test were estimated for 897 genes. Four hundred thirty-three genes were selected, thus accepting a false discovery rate of 12% (Fig. 1) . The genes are arranged into six groups, depending on the progression of their activities after exercise (Fig. 2) . Groups 1-4 contained genes corresponding to the early response and Group 5 and 6 genes, with a late response. Although the expression early after the stress changed up to tenfold ( Table 2 , Group 2), the late variation was not over a fold change of 1.7 (Table 2, Group 6).
Subsequent to the microarray investigations, we set up to verify a set of gene activities (ALOX5AP, S100A11, having a significant change in expression, and IL17B, being unchanged) by an independent method using real-time PCR. The SYBR Green fluorescence data were obtained for ALOX5AP, S100A11, IL17B, and GAPDH. Relative values were obtained by comparing transcript levels at time-points C and D relative to A for three athletes. The resulting data were then normalized to GADPH. Resultant logarithmic ratios are shown in Fig. 3 , which is representative of a minimum of two independent experiments performed in quadruplate. GAPDH was chosen for normalization, as its expression rate is among the most stable in leukocytes and was unchanged in our experimental settings. Fig. 3 indicates a close correlation between microarray and real-time PCR data for all three genes assayed, as the ratios obtained with the use of the two platforms are in concordance. Some differences in absolute values can be explained by the fact that real-time PCR is a more sensitive technique (six orders of magnitude) when compared with microarray technology (ca., three orders of magnitude), thus making the detection of relative abundance of weakly expressed genes more reliable.
DISCUSSION
Exercise was used in this study to examine stress-induced immunological signaling and to elucidate the resultant pattern of immunological changes in response to physiological stress. As described in other studies, the test provoked well-known acute-phase reactions and appropriate changes of CRP and IL-6 protein levels in plasma after exercise, confirming the relevance of our experimental setting.
As shown previously by our group, microarray technology is a reliable tool for the detection of an altered transcription pattern, e.g., in septic patients (14) .
Thus, in the present study, we identified a large number of genes with similar expression after physical exercise in all subjects. As this number was markedly higher than that expected randomly (Fig. 1) , it seems highly unlikely that this pattern could have been found solely by chance. The fact that prominent changes make sense biologically supports this notion. Hence, we are rather confident about the significance of the stress-related signature we found, although only six subjects were included in the analysis. Given the fact that the stress, which cells undergo during sorting counting and various isolation procedures, modifies gene expression and generates artificial results, we chose to analyze the expression in whole blood. We believe that this approach provides more valid data, as it reflects the actual in vivo situation during exercise. As total transcription data might be influenced by changes of blood cell composition during exercise (e.g., observed with granulocytes in this study), we monitored these changes to document all alterations precisely, which might affect expression data. Genes representing the gene expression patterns are listed in Table 2 . To generate a master gene, lists representing the stress signature found that genes differentially expressed in at least one time-point were subdivided into six groups ( Table 2 , Fig. 2) . A selected set of genes was checked by real-time PCR to prove the reliability of this subdivision. In fact, real-time PCR, which is also a common technique to assess low-expression ratios and ratios at the limit of sensitivity of the microarray technique (15), confirmed our data.
A gene expression analysis using microarray technique and the validation of these results via real-time PCR analysis can help to discover relations between immunological signaling pathways after physical stress. The meaning and potential of the results of this study can be emphasized by the findings below.
Exercise-induced bronchoconstriction and asthma-like symptoms are common health problems affecting the general population as well as athletes, in particular, with the highest prevalence in well-trained, elite athletes. In 10-50% of elite athletes and 12% of school children, an exerciseinduced bronchospasm and/or EIA occur during and most often after exercise (16, 17) . Although numerous studies have been published focusing on the immunological reaction (18), relevant mechanisms have only been revealed fragmentarily. Evidence suggests that histamine, prostanoids, and leukotrienes are likely mediators for this response (16) . It is also known that leukotrienes are increased after exercise (19) , and in fact, it is well established that exercise stimulates arachidonic acid metabolism, therefore increasing LTB 4 and LTC 4 levels, and all of them are known to be involved in the induction of asthma (20) . Arm et al. (21) have shown that 3 and 6 h after EIA, peripheral mononuclear cells (PMN), isolated from asthmatic subjects and stimulated in vitro, demonstrate an increase (up to 12-fold) in the production of immunoreactive LTB 4 as compared with PMN isolated before exercise. It is of particular interest that the microarray analysis indicates that the transcription of the ALOX5 enzyme as well as that of the ALOX5AP is enhanced after exercise (Table 2A, B ). An increased expression of the ALOX5 enzyme as well as the ALOX5AP mRNA has been described in the peripheral blood leukocytes
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of asthmatic patients compared with control subjects, suggesting a special role for transcriptional activation in the pathogenesis of asthma (22) . Thus, we are able to provide novel insights for the molecular mechanisms underlying exercise-induced enhancement of arachidonic acid metabolism. The increased formation of the biological effector molecules LTB 4 and LTC 4 during and after exercise is likely to be at least partially a result of an enhanced transcription of the enzyme lipoxygenase and which may even be of a higher biological relevance, the consequential enhanced transcription of ALOX5AP. Although it must be pointed out that the increase of LTB 4 and LTC 4 can also be investigated in healthy subjects without bronchoconstriction, as shown in this study, the changes of the leukotrienes together with a present predisposition, which is not known yet, might be able to trigger bronchospasm after exercise. Accordingly, ALOX5AP inhibitors such as MK886 may be efficient inhibitors of EIA, as leukotriene receptor antagonists have been shown to be effective against asthma and EIA (17).
To our knowledge, no report has demonstrated a link between ALOX5 activity during exercise and an altered enzyme and/or ALOX5AP transcription. There are several studies supporting functional links between oxidative stress and lipoxygenases, such as 12-or 15-lipoxygenase; however, the data presented here, suggesting a significant role of the activating protein, are novel in this context (23) . In a most recent publication, Zhao et al. (24) outlined the crucial role of ALOX5 expression and activity in the formation of aortic aneurysm and the subsequent leukotriene-mediated synthesis and release of proinflammatory chemokines. Although, the gene encoding ALOX5AP is associated with the risk of myocardial infarction and stroke (25) , it is evident that regular exercise reduces the risk of cardiovascular events. These discrepancies require additional research, in particular, with regard to adaptive reactions in response to exercise of subjects at various ages.
A second central finding implies changes in the IL-6 regulation, which is an important cytokine, but there is still a matter of debate about its proinflammatory or anti-inflammatory function (18, (26) (27) (28) . Nevertheless, despite the lack of an answer with regards to this issue, IL-6 induces the secretion of cortisol and CRP (29) (30) (31) . Numerous cell types are known to express IL-6, including, e.g., CD8
+ T cells (32) , adipocytes (33) , neutrophils (34, 35) , monocytes (36), eosinophils (35, 37) , and endothelial cells (38) . IL-6 concentration in plasma increased gradually during exercise and peaked out at the end of stress. This release appears to be linked to the metabolic status of the exercising muscles. IL-6 in plasma can increase 30-fold after a concentric exercise model (39) . Increased IL-6 mRNA concentrations could also be observed as a result of contracting skeletal muscles, and an increase in gene transcription rate could be demonstrated after only 30 min of exercise (40) (41) (42) . Investigations with skeletal muscle cell cultures indicate that the myocytes indeed produce IL-6 (43). Steensberg (30) suggested that IL-6 release from the contracting skeletal muscle has a direct relationship to an energy crisis within the muscle cells. In our exercise model, no IL-6 gene expression could be verified in the leukocytes. However, the exercise model was able to induce IL-6ra (CD126), which functions as a signaling receptor for the IL-6-type cytokines (44) . This receptor is detectable in peripherial blood monocytes, activated B lymphocytes, and CD4 + T lymphocytes; in turn, CD126 associates with CD130 to form a high-affinity IL-6 receptor (45, 46) . The binding of IL-6 to its receptor results in a rapid internalization of the ligand, but this has not been verified with the α-receptor (44) . Only little is known about this receptor; however, to our knowledge, it is the first time that exercise is shown to be able to increase this receptor for IL-6 and is able to sensitize leukocytes without an increase
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of IL-6 gene expression. This may be part of an adaptive mechanism, where leukocytes would react to future stress by launching a selective set of stress-related, immune responses.
Although the biological meaning of the observed changes in the expression of other, more than 400 genes is not yet totally explainable, these observations could help to clarify the pattern of immunological reactions.
We here present novel data, indicating that an enhanced transcription of ALOX5 and the ALOX5AP comes along with an increase of LTB 4 and LTC 4 after exercise. These findings, together with the knowledge that an EIA in subjects with a predisposition can be inhibited by a leukotriene-receptor antagonist (e.g., ref. 47 ), possibly provide a novel insight into the molecular mechanisms of EIA. Moreover, our study has implications about novel, therapeutic options (administrating, e.g., inhibitors of ALOX5AP), indicating that at the end, combinations of exercise models and microarray analyses are definitely helpful to shed light on immunological regulations and create new, therapeutic options. 
